Biotin carboxylase catalyzes the ATP-dependent carboxylation of biotin and is one component of the multienzyme complex acetyl-CoA carboxylase that catalyzes the first committed step in fatty acid synthesis in all organisms. Biotin carboxylase from Escherichia coli, whose crystal structures with and without ATP bound have been determined, has served as a model system for this component of the acetyl-CoA carboxylase complex. The two crystal structures revealed a large conformational change of one domain relative to the other domains when ATP is bound. Unfortunately, the crystal structure with ATP bound was obtained with an inactive site-directed mutant of the enzyme. As a consequence the structure with ATP bound lacked key structural information such as for the Mg 2+ ions and contained altered conformations of key active-site residues. Therefore, nanosecond molecular dynamics studies of the wild-type biotin carboxylase were undertaken to supplant and amend the results of the crystal structures. Specifically, the protein-metal interactions of the two catalytically critical Mg 2+ ions bound in the active site are presented along with a reevaluation of the conformations of active-site residues bound to ATP. In addition, the regions of the polypeptide chain that serve as hinges for the large conformational change were identified. The results of the hinge analysis complemented a covariance analysis that identified the individual structural elements of biotin carboxylase that change their conformation in response to ATP binding.
Biotin carboxylase catalyzes the ATP-dependent carboxylation of biotin and is one component of the multienzyme complex acetyl-CoA carboxylase that catalyzes the first committed step in fatty acid synthesis in all organisms. Biotin carboxylase from Escherichia coli, whose crystal structures with and without ATP bound have been determined, has served as a model system for this component of the acetyl-CoA carboxylase complex. The two crystal structures revealed a large conformational change of one domain relative to the other domains when ATP is bound. Unfortunately, the crystal structure with ATP bound was obtained with an inactive site-directed mutant of the enzyme. As a consequence the structure with ATP bound lacked key structural information such as for the Mg 2+ ions and contained altered conformations of key active-site residues. Therefore, nanosecond molecular dynamics studies of the wild-type biotin carboxylase were undertaken to supplant and amend the results of the crystal structures. Specifically, the protein-metal interactions of the two catalytically critical Mg 2+ ions bound in the active site are presented along with a reevaluation of the conformations of active-site residues bound to ATP. In addition, the regions of the polypeptide chain that serve as hinges for the large conformational change were identified. The results of the hinge analysis complemented a covariance analysis that identified the individual structural elements of biotin carboxylase that change their conformation in response to ATP binding.
Acetyl-CoA carboxylase (ACC) catalyzes the first committed step in the biosynthesis of long-chain fatty acids. ACC is a biotin-dependent enzyme found in all bacteria, plants, and animals. Since fatty acids are used for membrane biogenesis and energy storage, ACC is a target for antibiotics, 1,2 herbicides, 3 and antiobesity agents. [4] [5] [6] ACC produces malonyl-CoA from acetyl-CoA, ATP, and bicarbonate, which serves as the source of CO 2 for all biotindependent carboxylases. 7 The reaction mechanism proceeds via two half-reactions (Scheme 1): (1) the first half-reaction is catalyzed by biotin carboxylase (BC), and (2) the second halfreaction is catalyzed by carboxyltransferase (CT). In vivo, the vitamin biotin is covalently attached to a protein called the biotin carboxyl carrier protein (designated as enzyme-biotin in Scheme 1). In mammals, these proteins comprise different domains in a single polypeptide chain. 8 In contrast, in Gramnegative and Gram-positive bacteria biotin carboxylase, carboxyltransferase, and the biotin carboxyl carrier protein are separate proteins. 9 ACC from the Gram-negative bacterium Escherichia coli has been used as a model system for mechanistic investigations because the purified BC and CT components retain their activities, and utilize free biotin as a substrate, thereby simplifying kinetic analysis. 10 Consequently, biotin carboxylase from E. coli has been extensively studied by X-ray crystallography 11, 12 and site-directed mutagenesis. [13] [14] [15] [16] Structural and biochemical studies have provided valuable insights into the mechanism of biotin carboxylase; however, a number of questions remain to be resolved. Most significant is that the crystal complexed with the cofactor ATP was obtained using an inactive mutant (E288K) of BC 12 because biotin carboxylase has a slow ATPase activity in the absence of biotin. 17 The activity of biotin carboxylase requires 2 equiv of Mg 2+ ion. The crystal structure of the BC mutant with ATP does not contain any Mg 2+ ions. 12 This has severely limited the ability to rationalize the detailed catalytic mechanism based on the structural information. Furthermore, the biochemical studies of biotin carboxylase have primarily focused on mutagenesis of active-site residues, [13] [14] [15] [16] while it is increasingly evident that residues far from the active site are also important to catalysis. 18 It is of great interest to carry out dynamics simulations of the wild-type (WT) enzyme along with activesite metal ions to provide structural information to aid the design and interpretation of new experiments. [19] [20] [21] [22] [23] [24] In this paper, we report the results from molecular dynamics (MD) simulations of residues in and surrounding the active site and domain movements in order to understand their roles in the catalytic mechanism of WT biotin carboxylase. neighboring residues and their proton donor/acceptor positions. (The following CHARMM residue types were used. HSP: H209, H236, H333. HSE: H41, H79, H329, H370, H438. HSD: H3, H32, H297, H358, H432.) Stochastic boundary conditions were used throughout, dividing the system into three regions: the reaction zone, the buffer zone (Langevin zone), and the reservoir zone. 28 The reaction zone consisted of residues within a radius of 24 Å of the center (the -γ-bridging oxygen (O3B) in ATP) and was treated using Newtonian dynamics. Residues within a 24-30 Å sphere (the buffer zone) acted as a stochastic heat bath, which were treated by Langevin equations of motion by imposing a friction force and a random force on non-hydrogenic atoms in this region. The friction coefficients were set to 200 ps -1 for all protein atoms and 62 ps -1 for the water atoms. Furthermore, a harmonic restraining function was imposed on the buffer atoms to allow the system to maintain its structural integrity. At the outer edge of the buffer zone, the values of the harmonic force constants used were 1.22 kcal mol -1 Å -2 for main-chain oxygen atoms, 1.30 kcal mol -1 Å -2 for all other main-chain atoms, and 0.73 kcal mol -1 Å -2 for all atoms of side-chain and water molecules. These harmonic force constants were gradually scaled to zero at the reaction region boundary. The remaining atoms, in the reservoir region, were held fixed in the simulations.
The enzyme-ATP complex was solvated by a pre-equilibrated 30 Å sphere of water molecules. A spherical boundary potential was used to prevent water molecules from escaping into "vacuum" and to maintain the correct average distribution. 29 Water molecules within 2.5 Å of any non-hydrogenic atom were removed. The solvent addition was repeated three more times while rotating the water sphere along a randomly chosen axis. Thereafter, a 100 step minimization (adopted basis NewtonRaphson (ABNR)) of all water molecules was performed to remove close contacts. 25 We placed two magnesium ions, replacing two nearby water molecules, to coordinate with the R, γ-and the , γ-phosphate oxygens of ATP, respectively. The choice of the positions for the two magnesium ions was based on structures from other enzymes in the ATP-grasp family. Both in the structure of glutathione synthetase complexed with AMPPNP (PDB code: 1M0W) 30 and in glycinamide ribonucleotide transformylase with ATP (PDB code: 1KJ9), 31 the two magnesium ions are coordinated to the R, γ-and , γ-phosphate groups, respectively, along with two glutamic acid residues. Additionally, in the crystal structure of a heavy-atom derivative of BC, a Lu 3+ ion is coordinated with the two glutamatic acid residues E276 and E288. 11 Having constructed the initial structure, we briefly optimized the Mg 2+ positions with 50 steps of ABNR minimization, resulting in a configuration with the ions coordinated to the R, γ-and , γ-phosphates of ATP, respectively. Then, we energyminimized the Mg 2+ -ATP complex by another 50 steps, keeping the rest of the system fixed. This yielded a conformation in which E288 was bridged with both Mg 2+ ions and E276 coordinated with one of the Mg 2+ ions using both carboxylate oxygen atoms. We next performed another 50 steps of minimization for all atoms within a sphere of 5 Å from the center followed by further minimization of a sphere of 10 Å. All water molecules were thereafter relaxed in a 50 step minimization followed by a 10 ps MD simulation (T ) 50-100 K) to relax all unfavorable contacts. For all solvent water molecules, the three-point-charge model TIP3P 32 was used. The whole enzyme except ATP was then further minimized (50 steps ABNR). The addition of water molecules was repeated four times by randomly rotating this water sphere about a randomly chosen axis. The water molecules were minimized (50 steps ABNR), and then a 10 ps MD simulation was again performed. All atoms in the 30 Å sphere were thereafter minimized (50 steps ABNR). The system was slowly heated from 50 to 298 K in five cycles over totally 50 ps and equilibrated at 298 K for another 250 ps. Structural analysis was made on 11 500 structures extracted from another 2.3 ns simulation. The SHAKE algorithm 33 was used on bonds to hydrogen atoms allowing us to use a time-step of 2 fs in the leapfrog integration scheme. Nonbonded interactions were smoothed using an atom-based force switch function between 12 and 13 Å, and the dielectric constant was set to unity.
Covariance Analysis. The degree of correlated movements between different subunits in biotin carboxylase was analyzed by calculating the covariance matrix and correlation coefficients for the R-carbons within a sphere of 15 Å from the origin. A positive correlation coefficient indicated a correlated motion, whereas a negative correlation coefficient indicated an anticorrelated movement. A threshold of 0.25 for the correlation coefficient has been recommended 24 and was used in the present study to extract correlated movements in the analysis. Each configuration from the trajectory file was aligned to the R-carbons in a reference structure to remove the overall rotation. To test for convergence, plots of the covariance matrix were established both for the full MD simulation and for the second half of the simulation.
Results and Discussion
Coordinating Interactions of Active-Site Metal Ions. The only previous structural information on biotin carboxylase with ATP bound is from the crystal structure of the E288K mutant enzyme. 12 However, this structure does not contain the magnesium ions, essential for catalysis. The present MD simulation is aimed at providing an analysis of the coordination spheres of the Mg 2+ ions in WT biotin carboxylase. Figure 1 depicts a snapshot of the metal binding pocket in the dynamics trajectory, in which each of the two Mg 2+ ions is seen to form an octahedral complex. Mg2 is bridged between the R-and γ-phosphoryl group of ATP and coordinated to E288, E276, and a water molecule (Table 1 ; see also the Supporting Information for plots of interatomic distances along the trajectory). E288 has a bidentate bridge to both Mg1 and Mg2, and its carboxyl group is positioned perpendicular to the plane of the E276 carboxyl group (Figure 1 ). Mg1 coordinates one -and one γ-phosphoryl oxygen of ATP and to E288 via a bidentate coordination consisting of one weak and one strong coordination (Table 1 and Figure 1 ). The hexacoordination is completed by two water molecules. Because E288 plays a key role in bridging both metal ions, this structural organization is primarily responsible for the fact that the E288K mutant in the crystal structure lacks the ability to bind the catalytically essential magnesium cations. In SCHEME 1 the mutant, the cationic Lys residue interacts with the pyrophosphate groups preventing binding to the magnesium ions. 34 Although the bidentate coordination pattern of a carboxyl group to Mg (as in Figure 1 ) is more unusual than monodentate coordination, it has also been observed in crystal structures of other members of the ATP-grasp family, including the corresponding residues E267 and E279 in PurT-encoded glycinamide ribonucleotide transformylase (PDB codes: 1KJ8, 1KJ9) 31, 35 and E144 in human glutathione synthetase (PDB code: 1M0W). 30, 36 The similarity to several related enzymes suggests the metal force field used in the computations on E. coli biotin carboxylase is appropriate for determining the active-site geometry.
ATP Binding: Comparison of the Crystal Structure with Molecular Dynamics Simulations. In contrast to the magnesium atoms, the nucleotide binding site in BC was initially obtained directly from the E288K mutant structure. 12 However, the MD simulations of the WT structure with ATP bound revealed several changes in comparison with the mutant crystal structure.
First, in the crystal structure of ATP with E288K mutant there are no hydrogen-bonding interactions between K159 and the nucleotide base, whereas the present MD studies reveal that K159 is directly hydrogen-bonded to the N 7 atom of the adenine base ( Figure 2A and Table 2 , entry b). Moreover, K159 also interacts with the R-phosphoryl group of ATP through a water molecule (entry c and d). The third hydrogen of the K159 side chain forms a salt bridge with E201 (entry a), which, in turn, hydrogen bonds to the N 6 -amino group (entry f), either via a direct contact (not shown) or via a bridging water molecule (Figure 2A) . Thus, K159 plays a key role in anchoring ATP, which is supported by the observation that the Km value for ATP increases by 90-fold in the mutation of K159 into Gln. 14 Analyses of the MD trajectory also revealed that the origin of the K159 structural shift is associated with the conformational flexibility of an 11-residue loop consisting of residues 159-169, called the T-loop after a similar loop in glycinamide ribonucleotide transformylase. 35 The T-loop closes and covers the pyrophosphate groups upon binding (Figure 3 ). 12 The E288K mutation perturbs metal binding and affects the T-loop closure, thereby the ability of K159 to form hydrogen bonds with the nucleotide base. The lack of two metal ions in the phosphate binding site also affects the interaction patterns of K116, which is hydrogenbonded only to the R-phosphoryl oxygen of ATP in the crystal structure of the mutant enzyme. In the MD simulations, K116 is bridged between both the R-and -phosphoryl groups of ATP ( Figure 2A and Table 2 ). Mutation of K116 into Gln affects ATP binding, decreasing the enzyme affinity for ATP by 50-fold. 14 Second, although H236 interacts with the γ-and -phosphate groups ( Table 2 , entry x and y) both in the crystal structure and throughout the dynamic trajectory, the imidazole ring of H236 rotates about 30°relative to the orientation of the crystal structure. This makes the imidazole ring face the carbonyl oxygen of the T-loop residue G165 (entry j in Table 2 ), as shown in Figure 2B . This spatial arrangement favors electrostatic interactions between the two residues, which are positioned as outposts in two loops. These interactions help stabilize the loops in position to embrace the phosphate portion of ATP, which may prevent hydrolysis of the unstable carboxyphosphate intermediate by bulk water. A similar loop arrangement has been observed in the crystal structure of carbamoyl phosphate synthetase 37 and in glutathione synthetase. 38 Third, a major structural change in the dynamics simulations is the formation of a hydrogen bond between R292 and the γ-phosphoryl oxygen of ATP. Initially, R292 is located about 5 Å away in the crystal structure, whereas it moves within 2.6 Å during the MD simulation ( Figure 2B and Table 2 , entry z). For comparison, the corresponding residue in carbamoyl phosphate synthetase (R845) is also within hydrogen-bonding distance to the γ-phosphate of AMPPNP, 37 suggesting that this residue plays a role to stabilize the negative charge of ATP. R292 is strictly conserved in biotin-utilizing enzymes in the ATP-grasp family; 39 however, the Km value for bicarbonate, biotin, and ATP only changes slightly in R292A mutants. 13 R292 also forms an ion pair with E87, and the latter residue is shifted along with R292 during the dynamics simulations, bringing them close to the γ-phosphoryl group through an intervening water bridge ( Figure 2B ). In addition, E87 forms a hydrogen bond with one of the water molecules coordinated to Mg1. A similar structure feature involving the corresponding residue E84 has been found in the PurT-encoded glycinamide ribonucleotide transformylase. 35 Since BC and GTPases 40 both involve a nucleophilic attack at a γ-phosphate, it is worth mentioning that GTPases utilize an arginine finger to help a glutamine residue align the nucleophilic (water) for attack. 41 Thus, the present simulations suggest that an analogous network of interactions exists in biotin carboxylase, where R292 mediates E87 to bind bicarbonate at the Mg1 center. The residue E87 is expected to be a key catalytic residue since a similar glutamic acid residue has been identified at this position in several members of the ATP-grasp superfamily, including glutathione synthetase (E94), 30 D:Ala-D:Ala ligase (E68), 42 PurT-encoded glycinamide ribonucleotide transformylase (E84), 31 carboxyaminoimidazole ribonucleotide synthetase (E51), 43 and pyruvate carboxylase (E65). 44 Verification of the significance of the E87 to the catalytic mechanism will have to await site-directed mutagenesis studies.
Finally, the conserved residue H209 interacts with the sidechain amide oxygen of Q233 (Figure 2A ). In turn, Q233 forms two bridged hydrogen bonds with the ribosyl hydroxyl groups ( Table 2 ). The intervention of a Gln residue in these interactions is different from that found in other ATP-grasp enzymes, where the corresponding H209 residue is directly hydrogen-bonded to the ribose hydroxyl groups. Thus, H209 adopts the role similar to H781 in carbamoyl phosphate synthetase, 37 which interacts with the ribose hydrogen-bonding residue E761, or H223 in PurT-encoded glycinamide ribonucleotide transformylase, 31 which interacts with E203.
Analyses of the Conformational Change. The defining structural feature of the ATP-grasp superfamily of enzymes is a significant quarternary conformational change accompanying nucleotide binding. 12, 37 In the case of biotin carboxylase, a rotation of ca. 45°of the B-domain relative to the A-and C-domains (the orientation of the domains is shown Figure 3) is observed after ATP is bound. 12 A trigger for the conformational change is not known. However, there may exist an equilibrium between the open and closed conformations of the B-domain, and ATP binding shifts the equilibrium toward the more stable closed conformation. Support for this mechanism in biotin carboxylase stems from the observation that the temperature factors for atoms in the B-domain are significantly higher in the unliganded enzyme than in the ATP-bound form. 11 Analyses of the protein dynamic fluctuations have been used to help identify structural segments that undergo the conformational changes associated with ATP binding in biotin carboxylase. In the present study, two approaches are utilized. First, a combined statistical and informatic approach was used to identify segments of the polypeptide chain that serve as hinges for domain movement. In the second method, regions of the protein that show correlated and anticorrelated movements were examined using the covariance analysis method of Ichiye and Karplus. 45 The conformational change associated with ATP binding in biotin carboxylase is best described as a hinge motion 46 where the B-domain moves relative to the other domains of the protein. 47 Comparison of the ATP-bound and the apoenzyme suggests that the hinge in biotin carboxylase is located in random loops of the polypeptide chain that link the B-domain with the A-and C-domains. The goal is to identify the specific residues that serve as the hinge. The program HingeMaster by Gerstein and co-workers 48 was used to search for hinges that move the B-domain relative to the rest of the enzyme. The procedure is to iteratively dissect the polypeptide chain into two fragments to analyze the intramolecular potential of the two fragments. The joints that result in low energies are considered to be part of a hinge (a more detailed description of this program can be found in ref 48) . The results of this analysis for BC are shown in Figure 4 where the energy is plotted against residue number. Three hinge pairs (i.e., the end points for each hinge) were identified: H1, E93-Q94 and M123-K124; H2, C130-V131 and Y203-L204; H3, K238-V239 and V328-H329.
In the second analysis, correlated motions in biotin carboxylase were examined. Characteristically, if two structural elements move in the same direction the correlation is positive, whereas if the motion is toward each other the correlation is negative. The degree of correlated movement can be quantified where a positive correlation coefficient has a maximum value of 1 (same phase and period), whereas completely negative correlated movements have correlation coefficients with a maximum value of -1. 45 Figure 5 shows the correlation matrix between residue pairs of biotin carboxylase. Not surprisingly, many of the structural elements of biotin carboxylase showing correlated motion are also related to the hinges that allow the conformational change to occur. Thus, the subsequent discussion will integrate the results of both types of analyses.
Examination of the B-domain closure in the crystal structures suggests that a hinge to allow for the closing motion of the B-domain lies in the two stretches of loops that led to and from the B-domain. The hinge pair H2 is located in this section of the protein (Figure 6 ). The hinge pair end point C130-V131 is in the stretch of polypeptide leading from the A-domain to the B-domain, whereas the other end point of the pair, Y203-L204, is in the section going from the B-domain to the C-domain. Since the side chain of L204 makes a hydrophobic contact with the side chain of V131 the two sides of the hinge are connected. Y203 makes an edge-face aromatic interaction with the adenosine ring in ATP (Figure 7) , while the backbone amide hydrogen of L204 hydrogen bonds with N1 in ATP ( Figure 2A and Table 2 ). Within the ATP-grasp family, these two positions are always occupied by two bulky hydrophobic residues. 39 The correlation analysis revealed that movement of several residues and structural elements of biotin carboxylase are coupled to hinge pair H2. For instance, the movement of I157 and E201 has a strong correlation with Y203. I157 is part (along with Y203 and L204) of the hydrophobic pocket in which the adenine portion of ATP is buried (Figure 7) . Moreover, E201 is part of a -strand consisting of Y199-Y203 that exhibits positive correlated movement with the T-loop-including K159 with which it forms a salt bridge (Figure 2A) .
Positive correlated motions are also observed between E201 and D115-V117, which are part of two R-helices encompassing residues 107-126 ( Figure 6 ). These two helices are oriented orthogonal to one another and bend toward the active site upon ATP binding, which is manifested as positive correlated movements between the two helices. Movement of these two helices toward ATP is consistent with the observation that K116, which lies at the bend between the helices, interacts with the R-and -phosphoryl groups of ATP ( Figure 2A and Table 2 ). Moreover, K116 forms backbone hydrogen bonds with the T-loop residues S161 and G162. These interactions help keep the A-and B-domains of biotin carboxylase connected when ATP is bound. Similar interactions were also detected in an MD study of human glutathione synthetase. 53 The hinge analysis indicates that hinge pair H1, E93-Q94 and M123-K124 (Figure 6 ), controls the movement of these two R-helices toward ATP. It is interesting to note that the thiol of C130 from hinge pair H2 is in close proximity to K124 in hinge pair H1 suggesting that the movements controlled by these two hinges are likely to be connected ( Figure 6 ). In addition, the sulfur in M123 interacts with the phenyl rings of F275 (which rotates about 60°when ATP binds) and F286, which are part of the -strands that ATP rest on, implying M123 aids in controlling the movement of the -strands. Thus, the hinge and correlation analyses illustrate that ATP binding results in coordinated movement of the hinge residues and several different structural elements of biotin carboxylase.
A few other distinct patterns of positive correlated motion are found in biotin carboxylase (Figure 8) . Most of the residues within the T-loop and a B-domain helix defined by residues 185-192 show strong positive correlated movement. In addition, the -strands upon which ATP rests (especially residues E276 and E288) in the C-domain exhibit strong positive correlated motion. The R-helix encompassing residues 437-441 with the neighboring turn defined by residues 204-207 demonstrate strong positive correlated movement. The common feature of all of the positive correlated motions is the structural elements move in concert in the same direction toward the ATP binding site.
The common theme of stabilizing ATP binding is also evident in segments that exhibit negative correlated movements (i.e., structural elements that move toward each other instead of in the same direction). Strong negative correlations are only observed involving the A-and C-domains (Figure 9 ). For instance, the loop composed of residues D382 and S383 shows strong negative correlated motions with the 437-441 helix mentioned above and residues F275-F277, both of which are in the C-domain, as well as residues L112 and M113 from the A-domain ( Figure 9 ). Moreover, even though P80 from the A-domain is 15 Å from E276 in the C-domain these residues exhibit a strong negative correlation ( Figure 9 ). Notice that D382, S383, and P80 are vertically aligned on one side of biotin carboxylase and move toward (i.e., negative correlated movement) the 437-441 helix, L112, M113, and F275-F277 that are vertically aligned on the other side. Moderate negatively correlated movements are also observed between Y269 and residues L112, M113, and N290. In addition, a stretch of residues including Y269 (Y269-G273), which define a turn and the beginning of a -strand, exhibits negative correlated motion with H236. Thus, both the positive and negative correlated movements can all be summed up as structural elements of biotin carboxylase move either in the same direction or toward each other just so long as they move toward the bound ATP molecule.
The last hinge pair H3, K238-V239 and V328-H329, is located in the C-domain (Figure 6 ). Unlike the hinge pairs H1 and H2, it is not obvious what role the hinge H3 plays in controlling conformational changes. However, the observation that mutation of K238Q results in an inactive enzyme for biotin carboxylation along with an 85-fold increase in Km for ATP suggests that K238 (and by inference hinge pair H3) is essential for catalysis. In addition, the V328-H329 endpoint of hinge H3 also helps to explain the kinetics of heterodimers of biotin carboxylase. Heterodimeric forms of BC where one subunit is the WT enzyme and the other subunit is mutant with 100-fold reduced activity showed activity only slightly greater than the homodimer of the mutant. 34 If the subunits acted independently the heterodimer would have about 50% of the WT activity; however, the mutation exhibited a dominant negative effect on the WT subunit. Mathematical modeling studies suggested the subunits alternate their catalytic cycles so that as one subunit is undergoing catalysis the other is releasing products. 54 This type of model would require residues at the dimer interface to be coupled to catalysis. The identification that one-half of the hinge pair H3, V328-H329, is involved in the dynamics of BC and is also located at the interface between the two monomers in the homodimer of BC suggests it plays a role in subunit-subunit communication (Figure 10 ). H329 forms a hydrogen bond with R331, which has a face-to-face side-chain interaction with the corresponding R331 in the other monomer. Such Arg-Arg interactions have been shown to play a major role at protein interfaces. 55 ,56 
Conclusions
Since fatty acid synthesis is essential for membrane biogenesis in bacteria, biotin carboxylase is a target for antibiotics. 1,2 Recent evidence suggests that consideration of protein flexibility is becoming increasingly important for drug design. 57 Any tight binding inhibitor of BC will likely have to be trapped by the conformational change that occurs with ATP binding. Thus, a detailed understanding of the flexible segments of the enzyme involved in the conformational change will be essential for the design of ligands that bind tightly to biotin carboxylase. Moreover, identification of residues and structural elements of biotin carboxylase important for catalysis will help to minimize development of resistance to inhibitors serving as antibiotics.
In the present study, WT E. coli biotin carboxylase has been reconstructed from the E288K mutant crystal structure. This allowed us to model the magnesium binding site and further analyze the active-site interactions and correlated motions relevant to domain hinge movements. Each magnesium ion is coordinated with two phosphoryl groups of ATP, whereas E288 plays a key role by forming a bridge between the two metal ions. Mg1 is more exposed to the solvent and along with E87 and R292 may play a role in binding the bicarbonate substrate. Sequence and energy analyses identified three pairs of hinges, and covariant correlation analyses of the MD trajectory indicate that they are associated with, respectively, the large B-domain motion relative to the A-C domain (C130-V131 and Y203-L204), two R-helices bending upward toward the ATP binding site (E93-Q94 and M123-K124), and biotin carboxylase dimer interface communications (K238-V239 and V328-H329). These studies provide insight into active-site interactions and dynamics of WT biotin carboxylase, which will provide the necessary background for the design and interpretation of further experiments.
Note Added in Proof:
After submission of the manuscript the crystal structure of pyruvate carboxylase including the biotin carboxylase domain with two magnesium ions was published (St. Maurice, M.; Reinhardt, L.; Surinya, K. H.; Attwood P. V.; Wallace, J. C.; Cleland, W. W.; Rayment, I. Science 2007, 317, 1076). Of special interest is that our identified coordinations between Mg1-E288, Mg2-E288, Mg2-E276 and ATP-R292 are verified in the crystal structure. 
